Spectral comparison is an important part of the assignment of the absolute configuration (AC) by vibrational circular dichroism (VCD), or equally by Raman Optical Activity (ROA). In order to avoid bias caused by personal interpretation, numerical methods have been developed to compare measured and calculated spectra. Using a neighbourhood similarity measure, the agreement between a computed and measured VCD or ROA spectrum is expressed numerically to introduce a novel confidence level measure. This allows users of Vibrational Optical Activity (VOA) techniques (VCD and ROA) to assess the reliability of their assignment of the AC of a compound. To that end, a database of successful AC determinations is compiled along with neighbourhood similarity values between the experimental spectrum and computed spectra for both enantiomers. For any new AC determination, the neighbourhood similarities between the experimental spectrum and the computed spectra for both enantiomers are projected on the database allowing an interpretation of the reliability of their assignment.
Introduction
The active pharmaceutical ingredient (API) of many drugs and drug candidates is chiral. Although until recently drugs with chiral APIs were largely commercialized as racemates, more recently single-enantiomer APIs are taking a commanding priority in the market. This extraordinary interest in chiral, single-enantiomer molecules as APIs calls for very reliable methods for the assignment of their absolute configuration (AC). As the absolute configuration of a molecule may have very significant consequences for the activity of the molecule as a drug, international regulatory agencies have become increasingly strict and require both enantiomers of a chiral drug candidate to be tested separately for their therapeutic and adverse effects before the actual drug can be launched [1] . Over the past decades vibrational circular dichroism (VCD) and Raman optical activity (ROA), jointly called Vibrational Optical Activity (VOA) methods, in combination with ab initio calculations, have become reliable methods for the assignment of the AC of chiral molecules in the solution phase [2, 3] .
Unfortunately, it is not possible to directly deduce structural information from an experimental VCD spectrum. Therefore, theoretical spectra for a postulated absolute configuration, computed using reliable quantum chemical algorithms developed over the past decades [4, 5] , are used to establish the link between the experimental spectrum and the AC.
Based on the agreement between both spectra, meaning the location, sign and intensity of the bands, the AC can be determined. However, measured spectra are inherently different from results of a quantum mechanical calculation. Difficulties in assigning the AC can arise for more complex molecules exhibiting high conformational flexibility or tendency towards self aggregation [6, 7] , form complexes with solvents [8] [9] [10] or show other effects that are normally not or insufficiently well described by the theoretical methods. On a more technical level, the many approximations taken in the computational approach, such as the use of a finite basis set and, at the Density Functional Theory level, the functional, also have an impact. A trained eye is often used to assess the degree of agreement between computed and experimental spectra while taking into account the possible complications described above. "Human eye"
comparison, however, may be very subjective and can be biased by personal interpretation especially when the agreement is only of intermediate quality. In order to avoid such bias and further improve the reliability of VCD, additional numerical comparisons should be performed. The classical but very time consuming method is to individually link IR fundamentals in the theoretical and experimental spectrum. Then one derives rotational strengths from the experimental VCD bands and determines the correlation between measured and calculated rotational strengths with emphasis on the agreement in sign. A review of such successful assignments can be found in Stephens [11] .
Up until now very few studies have been published that discuss criteria to assess whether a reliable assignment of the AC has been made. In reference 12, Minick explains the quality assessment used at GlaxoSmithKline: "the key to confident predictions at GSK is the value of the [...] coefficients of correlation between the intensities of 10 to 15 corresponding bands in the calculated and measured spectra. Our assignments are considered reliable if r 2 is at least 90%". Such an approach is rather tedious because individual bands need to be crosslinked between theory and experiment and because choosing a reduced number of bands in establishing the absolute configuration may introduce some arbitrariness. In search of a more direct and immediate quantification of the agreement, a neighbourhood similarity (NS) measure has previously been introduced for VCD [13] [14] [15] [16] . This similarity measure, based on the overlap between measured and calculated spectra, takes into account the neighbourhood in the direct proximity of the bands. Despite earlier fruitful applications of such NS measures [13] [14] [15] [16] , no test of such measures has been performed over a wider set of molecules for which the AC is known from other approaches such as explicitly correlating VCD bands between theory and experiment or other experimental techniques such as X-ray diffraction. Moreover, no confidence level has yet been established for VCD assignments. This paper addresses both issues. First we apply the NS and related measures, described below, to a larger set of molecules and secondly we establish a confidence level for the assignment of the AC of a new molecule. Although in this paper only VCD will be discussed, the proposed algorithm is also considered valuable for the comparison of ROA spectra.
II.

Theoretical Background
A.
Neighbourhood similarity (NS)
The similarity measure, used in this study for the quantification of the agreement between the calculated, ( ) f ν , and measured, ( ) g ν , IR or VCD spectra, is a fairly straightforward adaptation of a cosine based similarity measure as will be demonstrated in detail below and as was also used by Kuppens et al. [13] [14] [15] [16] , following up on work by De Gelder et al. [17] for comparing powder diffraction spectra. Instead of such a generalized cosine in a multidimensional vector space, one can also use the arithmetic mean as normalizing term or, in fact, any other similarity measure, including the Tanimoto one as recently used by Shen et al. [18] . As the similarity measure used in the present paper differs somewhat from previous expressions based on the generalized cosine, we opt for a re-derivation and a detailed description of the algorithm.
We first establish what parameters a program for VCD spectrum similarity should contain to allow meaningful similarity measures: common approach to correct for this effect is to introduce a global scale factor. We therefore introduce a scaling factor σ that acts on the theoretical spectrum ( ) f ν . The scale factor depends on the chosen theoretical method and lies for most cases between roughly 0.89 and 1.00 [19] . The algorithm described in the present paper allows for optimization of this parameter in the way detailed below.
2. Although advances in spectrometers have reduced the uncertainty in the position of the baseline substantially, some degree of uncertainty may remain. We therefore allow a uniform shift of the baseline. The highest absolute VCD intensity in the experimental spectrum is sought and the shift is varied between x − and x + where x equals a user chosen percentage of this absolute value. Experience has shown that 10% is often a good choice. The baseline shift is then optimized in the way described below and applied over all frequencies in the experimental spectrum.
3. Even when a scale factor is introduced, one cannot account for all possible local shifts.
Different techniques have been implemented to take such effects into account. First of all, the theoretical spectrum for every conformation of a molecule is a line spectrum and in order to make the global molecular theoretical spectrum mimic more closely the experimental spectrum, the collection of the theoretical conformational spectra is combined using Boltzmann weighting and each line in the resulting molecular line spectrum is broadened using a Lorentzian bandshape. In the next step, the global scale factor is applied. To account for small local shifts required to bring the theoretical and experimental spectrum closer to each other, instead of using a uniform scale factor, one could use different factors for different types of vibrations and thus perform a different scaling for each type of vibration in the spectrum [20] . This obviously requires having different scaling factors for different vibrations which again requires individual assignment of bands to correlate them to a specific type of vibration and establishing some sort of database of scale factors. This is a rather tedious procedure. Therefore, in this work small local shifts are taken in to account in a different way. Instead of using a point by point comparison between the theoretical and experimental spectrum, we arrange that the experimental spectrum at every point bears to some degree information on the surrounding frequencies and their accompanying VCD intensities.
This is done by replacing the original experimental spectrum at every frequency 0 ν by one where the intensity of the surrounding points is included. These points are weighted in such a way that their contribution becomes smaller as they are farther from 0 ν :
The weighting function ( ) 0 w ν ν − determines the extent to which the neighbourhood of 0 ν is taken in to account. In this study a triangular weighting function was chosen.
This allows one to take into account the neighbourhood with a width of l − and l + around each point in the spectrum:
The shape of the weighting function is chosen based on the fact that corresponding bands in the experimental and theoretical spectrum can be shifted locally from each other. The value of l has to be chosen carefully in order to avoid linking too distant bands. The default has been set to 20 cm -1 but can optionally be changed.
Taking in to account that we henceforth consider the theoretical spectrum to be the original computed spectrum with Lorentzian broadening and scaling and the experimental spectrum to be the original spectrum modified through (1) and with a shifted baseline, the 8 generalized cosine similarity expression is given as:
Obviously this degree of similarity depends on the values for the parameters described above which can optionally also be optimized as will be described below. As is clear from equation (3), the similarity can be computed for any range of frequencies through choosing the lower and upper frequency (resp. a and b in (3)). If within this range a peak can be established to be an artefact, it should be replaced by zero intensity over the range of the artefact in both the theoretical and experimental spectrum so as not to bias the similarity in any undesirable way. The interesting aspect of equation (3) is that the similarity measure always lies within 0 and 1, provided that the intensity over all frequencies has the same sign.
This is a consequence of the properties of vector spaces with an inner product as present in the numerator of (3). Equation (3) is readily applicable to IR spectra, henceforth denoted
IR fg
S , but needs to be adapted to be useful for VCD spectroscopy.
B.
VCD neighbourhood similarity and enantiomeric similarity index.
Equation (3) an Euclidean distance where no upper limit can be given.
For VCD spectra, computing the similarity between spectra is slightly more involved.
By the very nature of a differential spectroscopy, the intensity at a given frequency can have both signs, positive or negative. One could opt to simply use (3) to compute the similarity and not take the sign in to account in any special way. This has the drawback that the overlap between spectra in regions of equal sign between the theoretical and experimental spectra and regions of opposite sign can compensate in the integral in the numerator of (3), possibly leading to undesirable effects. In order to avoid this, we simply split the scaled theoretical and the experimental spectrum, into a positive and a negative spectrum. Following ( ). In order to have one single similarity measure, fg Σ , a weighted mean of both similarities is computed as:
The weight ++ Φ simply reflects the amount of VCD signal of specific sign in the theoretical and experimental spectrum, i.e. it is the sum of the surface of the positive theoretical and experimental spectra:
Φ is analogous but for the negative parts of the spectra. As can still be considered a similarity measure. In the same way as described above, one can also compute the similarity measure fg Σ for the theoretical spectrum ( ) f ν of the other enantiomer with respect to the experimental spectrum.
Kuppens et al. [13] [14] [15] [16] suggested the difference between the neighbourhood similarities of the measured VCD spectra versus each of the corresponding calculated spectra of both enantiomers as a criterion to assess the degree of success of a VCD assignment of the AC.
This differential neighbourhood similarity measure, i.e. the enantiomeric similarity index, ESI , gives information about the discriminating power between the two enantiomers. In this work the absolute value of the ESI , henceforth denoted Δ is used throughout:
If the measurement and simulation of the spectra are reliable, the calculated VCD spectrum 
where we used the mirror image relationship between the VCD spectra of two enantiomers. Δ thus introduces the effect of having regions in the computed and experimental spectra that do not agree in sign.
Although numerical measures similar to the one introduced in this paper had been tested in several cases [13] [14] [15] [16] , their use must be validated in order to allow them to be used more universally. In this study, this is done by testing them on a much larger set of molecules for which the AC has been determined correctly. Therefore, Σ and Δ values have been computed for such a database. If these results reveal that they can be used reliably, a confidence level 
Results
A.
Test database for VCD similarity analysis
The AC of 84, mostly pharmaceutical compounds was previously assigned after thorough analysis of the agreement between measured and calculated IR and VCD spectra using the elaborate peak by peak comparison and regression between dipole and rotational strengths extracted from theory and experiment. Moreover, for several molecules, the assignment of the AC was confirmed by other techniques such as X-ray diffraction. For each of these assignments the similarity measures introduced above were computed as well as the value for Δ from equation (6) . The window size, l , of the triangular weighting function in eq.
(1) was set to 20cm -1 for all calculations. In general, this value has proven to give overall larger enantiomeric discrimination power. The factor used to scale the frequencies of the calculated spectra is varied numerically between 0.89 and 1.15 until the maximum absolute value of Δ has been found. In general only the range between 1000cm -1 and 1500cm -1 has been considered to compute similarity measures because carbonyl-stretching vibrations, which occur in the range of 1600 to 1700 cm -1 , are often heavily influenced by the solvent and this functional group occurs ubiquitously in molecules submitted to VCD analysis. In order to include sufficient bands in the analysis, it is important that at least a 400 cm -1 span of frequencies be compared. As described above, the similarity measures may also be influenced by the position of the baseline of the observed VCD spectrum. In order to take into account a possible small offset from zero, the measured VCD spectrum was shifted up and down within a range of 10% of the maximal intensity, until a maximum Δ value was obtained. δ is a logical construction that assigns a weight equal to one to a database compound i if the presently described algorithm was correct at giving a higher similarity for the enantiomer that corresponds to the one that was actually used in the VCD experiment. The exponent α has been chosen 0.01 based on the fact that tests revealed this gives a smooth transition from the area with mostly molecules where the algorithm indeed points out the same AC as the assigned one to the area with more wrong AC's. Wrong in this case is defined as a case where the algorithm did not successfully give the correct isomer the largest similarity. Inspection of figure 1 shows that for several molecules the highest similarity was found for the wrong AC.
Many of those lie in an area where Δ is also low, meaning that there the difference in similarity of the computed spectrum with respect to experiment for the two enantiomers is low. This suggests that any user-made assignment of a molecule in that region, based on correlation of bands, must be considered with extra care. There are 4 molecules that have relatively high Δ and max Σ values but for which the algorithm led to the wrong conclusion although for the majority of points in that region of figure 1 the algorithm led to the correct enantiomer having the highest similarity. For several among these 4 points, we did find that the optimal scale factor, maximizing Δ , does have less common values such as exceeding 1.00. Still, such points are important as they delineate the area above which no wrong results occur.
The confidence level is a simple numerical value that basically expresses how far to the upper right a new assignment lies in figure 1 and supplements the conclusion that can be 
Similarity measures and confidence levels for (+)-3R-methylcyclohexanone
As an example of the use of the data in figure 1 and the confidence level, CL , similarity measures and confidence levels are computed for the VCD based assignment of the AC of (+)-3R-methylcyclohexanone. A thorough analysis of the measured and calculated IR and VCD spectra of the molecule has already been discussed extensively in literature [21] [22] [23] .
The aforementioned similarity measures of the compound were obtained after running CompareVOA [24] , the program in which the here described algorithms have been implemented. In Figure 3 , the measured IR and VCD spectra and the computed spectra (B3LYP/6-31G*) are shown. The intensities have been scaled to emphasize the agreement between both sets of spectra. The measured spectrum very clearly corresponds to the R configuration as is easily confirmed by visual inspection of the spectra and agrees with the mentioned previous assignments.
<Add figure 3 here>
The magnitude of the optimal scale factor (0.970) that maximizes Δ , lies within the range of scale factors used for harmonic spectra obtained with hybrid density functionals [19] . For ( ) is concluded that the AC of the compound is R with confidence level equal to 98%. One of the more appealing aspects of computing the different measures for an AC assignment is that one can also plot the newly assigned molecule together with all molecules of the database as in look for other effects that may lower the degree of confidence. VCD expertise does remain a third requirement as some of the capabilities of CompareVOA must be used carefully, e.g., the possibility to exclude some bands from the similarity analysis. In all cases, a first assignment by an experienced VCD user is required after which CompareVOA can express the reliability of the assignment or possibly may suggest the user to consider a different stereochemistry or suggest that some aspects of the VCD analysis should be improved.
Comparing our similarity measures with the method developed by Shen et al. [18] some similarities but also some differences are observed. 
IV. Conclusion
In this paper a very fast and transparent method is suggested to quantify the confidence level of an assignment of absolute configuration. The method developed is based on user-independent, neighbourhood similarity measures for a quantum chemically computed and an experimental infrared spectrum. This similarity measure is extended to VCD by considering separately the similarity for the positive and the negative part of computed and experimental VCD spectra. This is done for both enantiomers and the absolute difference in VCD similarity with respect to experiment, is calculated. A successful assignment is characterized by high similarity between theory and experiment for one enantiomer and a low value for the other enantiomer.
In the next step, the procedure described above is applied for a large set of molecules.
It is found that for a large majority of molecules, the similarity measures immediately result in the correct enantiomer to have the highest similarity to experiment. Based on the results for the entire database, a numerical confidence level is computed that reflects the percentage of assignments made using the procedure that resulted in correct assignments.
In all cases, the algorithm presented should be used to answer the question of how reliable an assignment made, is. It cannot replace expert assignment but simply attaches a degree of confidence of the assignment and can possibly suggest routes for improvement of the experiment, calculation or assignment. 
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Vibrational Circular Dichroism and Raman Optical Activity are powerful spectroscopic techniques to establish absolute configuration (AC). Their reliability and objectivity is further enhanced by plotting how good a new assignment of AC is compared to earlier successful AC assignments.
